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PREFACE

AUTHORIZATION

This study is part of the program authorized in
Bureau of Ordnance letter NP9/A9(Re3) dated 9 January,
1943, as Naval Proving Ground Reszarch Projsct APL -2,

OBJTCT

To extend the scope of Maval Proving Cround Report
1-43 on the mechsnisms of armor penetration.

Page i1
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SUMMARY

The penetration of homogeneous plate by uncapped
projectiles at 0° oblicuity was discussed in Naval Prcv-
ing Gr-und Report No, 1-43. The present report supplements
Report No, 1-43 with comments on four secondary features of
penet:etions of ths same classification.. They are:

1, The effect of velocity on impact dimensions, -
an analysis of the energy absorption by the
arnor material as shown by the enlargement
of the hole produced by completely penetrating
projectiles of various velocities,

2. & measurement of the energy exrended in deform-
ing projectiles obtained by observetion of the
rise in tempersture of the projectile.

3. An analysis of the energy consumed in overcoming
friction betveen the nrojectile and plate by
observation of the retarcation in rotation as
well as velocity.

L. A survey of the hardness distribution in sliced
sections of armor surrounding partial and com-
plete penetrations.

Page 1iii
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I INTRODUCTION,

‘ In reference (1) H, A, Bethe introduced a 18-
markably fruitful concept into ths study of penetration
mechanisms, namely, that provided the projectile is
pointed the encrgy exranded in making a nole in a plate
is independent cf th: precise details of the process,
and depenés only upon the thickiess of the plate and the
size of the ho:e. in referance (2) it was shown that
by a prover consideration cf end -effects - mainly the
formaticn of pevals on the back of a homogereous plate -

. the theory of rererence (i) 2buld be broughc into rezson-
ably good agreeitent with observation. It was also pointed
out that blunt prrojectiles may be expected to penetrate
a homogenecous plate by a punciing mechanism, which is
distinct in nature from the piercing-type of penetration
fe?uired for the expanding-hole mechanisms of reference

1),

The method of Bethe has its limitaticns, and
leaves out of consideration several important details,
namely, the effect of striking velocity on the size of
the hole in the plat: and on the consetuent energy ab-
sorption, the energy used in deformation of the pro-
Jeetile, aud the effect of friction upon the energy of
penetration. The present report discusses the available
Proving Ground data bearing upon these points, and in
addition presents data on etchings and hardness patterns
nade on sections through conplete and incomplete pene-
trationz of & heavy homogeneousg plate. These etchings
and hardness patterns were mentioned in reference (2)
(p..8), but were not ready for publication at the time
that report was prepared.

IT EFFZCT OF VSLOCITY ON IMP..CT DINEINSIONS.

Disregarding frictional effects. the expanding
hole theory and its modifications predict essentially
the same size hole and tihe same snergy sabsorption in the
complete penetration of a plate, recardless of the vel-
ocity of penetration - 1l.e., the same result would be
obteined if a vrojectile is nushed statically through a
plate ag when it is fired through,

A consideration of the detuils of the penetra-
tion proce=s throws doubt on the correctness of this con-
¢lusion. In a dvnamic penetration, as the point of the
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projectile advances through the plate it must not only
overcome the conesion of the steel, but must set it in
motion with a sufficient valocity so that it will move
out cf the way nf the projectiie, The point of the pro-
jeectile nmusi oupmly the necesgsary accelsrating force,
and so will ewisrisnce a grester pressure than thet re-
quired to overcone the static resistsuce, Tae dynamic

term 11 the, progsrre will be of the crder of magnitude
of {1/2, pv*. whars piax the density of the armor plate,
and v is vhe gpeed of the projantilie. If

v = 1500 ft./sec.
'C"= 0628% lbg/in‘é’ - 2
{1/2) ¢ve = 1,2 ¥ 102 1b /in.

The statie yield--stress of heevy Clezs B plsate of the
usual herdness is eround 102 ib./in.< &nd the statie
term in the pressure will be of thiz order of magnitude.
It is thus seen thst ¢ven at moderate velocities the
dynamic term in the exnression for the pressure near
the point of a projectile may easilv be equal to or
larger t2an the pressure required for a static penetra-
tion,

Farthar back along the orive the pressure will
be less, ancd in fact may fall below that which would
exist in a static penetretion. The situation is gnalog-
ous to that which exists in the motion of u streamlined
body through a resisting m:dium, and has been discussed
by Zener and Peterson in reference (¢c)., In a cualita-
tive way one can see how the pressure iuust fall along
the surface of the projectile nose from point to bourrelet.

The material set in motion by the point of the
projectile will terd, because of its incrtia, to continue
to expand, and less pre sure by the ogive will be neces-
sary to continue the expension then in a static penetra-
tion.

An observation supporting this theory is that
when an uncapped projectile is recovercd after a complete
penetration, the nose ncear the point is found to be wiped
smooth and workad, while the last third of the nose nesr
the bourrelet still has tha tool marks asnd even some paint
on it, This observetion has been made on all nrojectiles
emerging from tho plate with a low velocity. or which
tumbled after penetration (as in oblique impacts) so as

-2- UNCLASSIFiED
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not to be scourced smooth in the send of the butt, and
has also been made on manv projectiles rejected by the
plate, although they had penstrated far enough to embed
the bourrelet.

It seems possible that at high enough veloci-
ties snd for at least rart of the depth of the nenetra-
tion~hole the inertial effzct nmay cause the hols to
continue to expand after passage of the bourrelet of
the nrojeetile. If this 1s the case, one would
expect to find that

(1) The hole in the plate will taper, being
largest at the entrance and smallest at
the exit end.

(2) If saveral rcunds are firsd tarough a
plate at different striking veloeltics,
the holes vwill be largest for those
rounds having the highust velocities,

(3) The energy atsorbed by the plate should
increase with increased striking velocity
and consejuert grzatsr hole size, accord-
ing to the¢ law for the liuit cnergy, which
is of the form

L R
EL=1)d (a-—kd) .....c..(l)

(sce reference (2), Sec. II). The value of the hole-
diemeter d to be used in this cquation will be the mesn
value avaeraped through the thickness ¢ of the plate. Ths
eppropriate numerical values of tha constants .. and k in
Eq. 1) must be determined e¢xnerimentally for the plate-
hardness and the rrojc:ctiles used; tvpical data, given

in Fig, 1 of refer:nce (2), arc

A= 2,49 x 104 ft, 1bs./in.3, k = 0.132 , . . . (2)

for tne 3" /F M-=79 projcetile vs, homosrencous plate of
tunsile strength from 110,000 to 130,000 p.s.i.

It is cuite c¢c-nvenicnt to wmeasure impnct holes
made by 3" projcctilcs by use ol & stor gauge used for
gauging 3" pguns. Fig. 1 of this report shows thu results
obtainud on three holes ande by 3" 4P M=79 projectiles
in & 4" Cla s o plote of hurdness R, 19, the striking
velocities being respoctively 1944, 2219 und 2482 ft./suve,

_3._
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From the measured hole dlameters, the corres-
ponding energy value EL’ has baeun calculated using
equations (1) and (2). “The valus ¢f 4 found for this
plats is 2.56 x 104 ft. 1b./in3, The energy absorbed
by the plate is found from the regsidual energy plot-
see Fig. 3 of reference (2), which was obtained by fir-
ing at the particular plats in question. The residual -
energy graph has the gquation

ER = 0,93 (ES - E ), o 6 o o ¢ o w o_(B)
from which the energy absorbed is found to be
ABE = ES - ER = 0.93 EL + 0.07 ES s a e o & o .(h)

Fig.2 of this report shows a plot of the energy &bsorp-
tion, for the three rounds gauged in Fig 1. vs., energy
required to meke the hole, as calcul-ted from Eq. (1).
Jt will be obscrved that there is a good correlation,
Thus, predictions (1), (2) and (3) given on p. 3 are
corrcct.

Unfortunately the situation is not quite so
simple; when the projectiles were recovered end calipered,
it was found thet they had swelled from their original max
imum diameter of 2.99 in., as shown in the following table:

Striking velocity, f.s. 1941, 2219 21,82
Projeetile dia., max., in. 3,002 3.020 3.088

Fig. 3 is a graph of hole-diameter less projectile-diameter
against the depth of the hole, azasured from the original
planz of the face of the plate. It will be observed that
when the holes were gauged, they were smaller than the
projectile through most of their depth, presumably due to
elastic contraction of the plate aftei passage of the
projectile, the difference in dlameters being arcund 0%03,

The reader will doubtless have noticed the
curious maxima and minima of diameter, the holes being
larger in the middle of the plate than near either the
front or back surfacses. No satisfactory explanation hasg
been found for these maxima and minima, nor for the syste-
matic varistion in their amplitude and position with the
veloclity of the projcctiles. An obvious first thought
was thet the fluctuations might be sssociated with the
heating of the plate due to plastic working during impact,
and subsequent cooling of diffarent parts of the plate at
different rates., The magnitude of the thermal sxpansions

ta
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which c¢an be expected is much too small, howevaer, as the
following calculation showsa:

The diameter of the worked volume is about
9 in., end the plate thickness is 4 in., so the worked
volume 1is

2
rrae/l = T(9)%(4) /4 = 254 1n3 -
Taking thz density of stesl es 490 1b./ft.3, the weight
of wmetal plastically workcd is thus
(254 1n.3)(490 1b./rt.3)/(1728 tn.3/ft2) = 72 1v.

The limit velocity of this plate for a 15-1b, projectile
is 1885 ft,/sec., so the ensrgy absorbad by the plate is

about 2 ' . 5
(1/2)mvy” = (1/2)(15/32.2)(.8¢5)%= 827,000 ft.1lb,
or 1064 B.T.U., :

Taking the sovccific heat of stsel as ebout 0,115 B.T.U/1lb,
°F., this could raise the tumpsrature of the plastically=-
worked mctal an average of 128°F, or 71°C., Lis the co=~
efficient of thermal cxvansion of stecl is about 0,114 X
107% per © C., this would corrcespond to an expansion of
about 0,0024 in. for a 3 iunch hole. Actually the situation
is mors complicat:d due to non-uniiorm heating and cooling
of the worked material and interference of the unheated '
part of the nlato with the expension of the worked portion,
but it ig clesr that an expansion of not more than the
order of 2.4 mils cennot account for anomalous variations
in holc diameter of from 6 to 18 mils.

The fact that both the projectile and the hole
which it mekes cnlarge as the striking velocity increases
obgcures the details of the mechanism of holc enlergemcnt,
The taper of tho hole, cxtending to a depth of more than
an inch below the planc of the original surface of ths
plate, indicat:s that inertial efficts must be able to
expend the hole so that the expansion continues even
after prssage of the projeetile, It will be noted in
Fig. 3 that the enleargoement of the hole in the tapered
portion is systematically graster with greater striking
veloeity. These considerations suggest that dynamic
effects dircetly on the platy ere the primary cause of
hole enlargument with increes:d v.locity, and that the
swelling of the projectile - doubtless produced by the
increased forces experisnced at higher striking veloci-
tics - is an incidentsel accompeniment. The correctnsess

- UNCLASSIFIED ’



UNCLASSIFIED

of this view is supported by -indications -

that the pressure on ths after portion of the projectile
nose is small - j.2,, that thae swellad poritiom of the
projectile exerts little force on the plate.

On the other hand, alturnative explenations
must bz admitted as possible, One may arguce that the
projuectile swells on first striking the plate, and that
the cnlarged projectile thsn has to meke a larger hole
to get through the plate. Another pnossibility is that
the diformetion of the projeetile incrcascs the co-
efticient of (1/2) @ v in the dynamlc t:rm in the pres-
sure, exaggerating tac cnlargemont of ths hole by inertial
effocts,

To decide amcng these diverse possibilivies it
1s desireblse to repeat the exveriment on hole enlarge-
ment with vroj:ctilas of verious hardnesses, including
some very herd projectiles having an ogival contour re-
gembling that of en ordinary prcjicctile after the latter
hags boen deformed by striking a heavy plate.

ITI ENTRGY TXPIVDED IN TROJTCTUTL C DEFCRIT.TION.

.

The amount of cnergy in a projectile available
for mnking a hole in a plate is =t most the difference
between its striking energy and the work done in deform-
ing the proj:ctile. It is clear therzfore that, ecven if
the chonge in »wrojectilc conformation did not roesult in
increesed resistonce by the plate, a deforming projectile
would re-uirc groectoer striking cnergy to penetiate a
given platc under given conditions than a non-deforming
projectile of the same original dimonsions.

It would b: highly desirable to know the amount
of e¢nergy expended in deforming 2 projectils in any
specifiecd way. Hxcept possibly at normel impact, it is
doubtful whether the energy of projcctil. deformation
can be colculated by practicable msthematicel procedures.
However, the deformation cnergy presumsbly eppears as heat
in the projectile, and if the projcectile can be recovered
quickly enough aftar impact it should be possible to
measurc the energy of deformetion calorimetrically. Pre-
liminary mceasurements heve been :iade on several projcctiles
fired st a 4" Class B pl-to et wverious obliquities. .8
shown below, the projectiles being the 3" .P M-79 solid
shot, weighing 15-1b.
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APL Butt Ovl. Vs E Energy of Deform.
Impact No. Degrees ft./sec. ft, ?b. B.T.U. ft. 1b,
1516 0° 2000  9.31 x 102 33 26 x 10%
1517 0° 1959 8.95 x 107 36 28 x 10
1518 20° 2013  9.45 x 107 69 54 x 103

The results ere necesserily approximate, The averages
glapsed tim: from impact until immersion of the projsc-
tiles in the bucket used as calorimetoer wes about two
minutes. The temperasture rise was from about 0.7 to 4°
C., depending on the amcunt of weter used and the extoent
of the projectils deformetion. Fig. 4 is & photogranh of
the projectiles in question; thz butt impact numbers are
painted on the »nrojeetile bodises., Kound 1518 shows the
greetest deform-tion observzd in this type of projectile
without the occurrence of rupture, From ths data ons can
calculrte the meun tcomperature rise in the projeectile,
which 1s from ebo:t 10° C, to 25° C.; of course, the
temperaturce distribution in the »nrojectile is r'ar from
uniform, being greatest in the nose whera the projectile
expariences the most working.

There are s:rious practical limitations upon
calorimetric work. The projectilc must not penatrate
into the sand of the butt so deeply that it cannot be
recovered quickly, ond the send must be dry. sAn unknown
amount of hceat will be genersted in ths projectile by the
scouring it receives in the sand befors coming to rast.

IV FRICTIO™ IN PROJECTILE INP..CT.

It has been assum:d in discussions of projece
tile inpact that the friction butween the plate-material
and the nose of the projectile is small, Zce¢ner and Peter-
son (refercnee (3)) have discussed friction from a theo-
reticel point of vicw: they concludc that the high tempere
ature goneretaed ot the plate-projusctil: bcuwndery by plastie
working of thz pl-te meteriasl will cruse the iriction to
fall to » very low value. This scction presents some
cxperimentsl deta from which the order of magnitude of the
friction~l effecets cen be cstimated.

Vhen a projectile pssses through a plate,
scratches usuelly sppcar upon the body end upon the bend,
if the lattcr is still present. It 1s found that thase
scretches make s grastor sngle with the projoctile axis
then do thas aengravings mede upon the bend by the rifling.
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Thus, if W), Vg represent striking angular and linear
velocities Of the projectile, respactively, and w*p,

VR the corresponding residual angular and linear wolecities
efter pagsage throngh the plate, the scratches left on body
and band after passa & through the plate show that

LJR/VR \LI)S/VS e . . ¢ o n(s)

Measurement of the pitch of the scratches mede by the
plate on the bend enablesone to estlunte wy/V,, from

which o can be calculated if VR is known, wﬁich is
ususally %he cnse in rounds fired at ho.icgeneous plate.

4s Vg and uJS arsa known from the firing record and from
the pitch of "the rifling, information is avallable for

the calculation of the percoentege losses in rotational

and translationzl kinetic energyv, DIstiantion of the pitch
of the rifling fron the engraving on the band and compari-
son with the pitch as kXnown from tnc design of the gun
gives a check on the accurecy of the method. The accuracy
is not very greot, involving orrors of around 20% in esti-
moting the pitch of the rifling, which implices errors of

5 -« 10% in ¢stimation ofwy/ V., whers the pitch is much
grerter, Fortunctély no gatTaccuracy is necessary to
show the order of mrgnitude of thy frictional usffects, as
will appesr in the course of the subscguent cclculations,

.s hns been pointed out in Peart IT of this
report there is good evidence thet the pressure on the
projectile nose is not uniform, b:ing greetest ot the
point nand l:est near th: bourr:clet., To cover this situa-
tion, two celculetions will b: made - onc¢ based on & uni- 1
form pre sur:e ~ver the ogive, and the .other with the
pressurs a maximum at the point of the projectile :ud
z:ro at the bourreloet. &L preliminsry celculation will be ]
mrde in which it is assumcd thatwp/Vg = wWg/V,, and this
colculation will 1 -ter be modificd to ngred with the experi-
mentelly ostnblished inccuclity (5).

In the simple ense of » solid cylindriceal
proj.ctile the moment of incrtie about the projoctile axis
is

2
IO = mI‘o /2, « o o @ (6)
where r_ is tne redius of the projectils, TFor pointed
solid sﬂot, Io will b¢ somcewhat less than indicated in |
equetion (6); for pointed shell it should be wbout the
same, If the frojsctila mrkaes one turn in 25 crlibers -
a typical rifling - the angulnr velocity and linear

-8- UNCLASSIFIED




valocity arc releted by the equotion l”VCLASSHﬁED
w/ZT’—‘ = V/SOI'O « e & © & ® o @ (7)
so that
¥ oo 2 2192
L = T /6251‘0 )\r e » @ % s @ (8) .
The rotationrl kinctice cnurgy (1/2) Iow2 is thercfore 1
T4 = (1/2)(mry?) (12/625 r,R)v2

or

ﬁ Tg = (1/2)mv%7#71250). e o e e (9) 1

As Tr </1250 = 0,00789, it is clesr thet the rotational |
kinetic cnorgy is somewhat less tiann 1% of the trans-

lational kinetic energy, which latter gunntity is sym-

b belized by Ty

Tg = 0.00789 Tx o & v « o o o + .« (10)

If =28 suppossd in v.:is prelininary c-lcul-tion T4 remains
a conatant fraction of Tx (i.c.,«/V = const.), bne may
also write

aT//dTy = 0.00789 . . . . . . . .(11)

Supposc & projectils with an ogivel nosc of
radius R, the¢ radius of the projuctilc 2t the bourrclet
being ro. The ogive is generated by revolving an arc of
a circle sbout its chord, and the circle moy be described
in terms of nn angular paramcter O:

Y .
- ——— > .’
P S ; *~~\;;4Q% y = R(cns@ =~ cos4;) )
'L,;, . v \,/\\ . )
ot x 17y \>x<f-*~ x = R sin @ ) (12)
/ 7 )
‘ | . \ ¥ = arc cos (1l-ro/R) )
‘ YA '
% : }ﬁ~5{ f‘ A8 the projoctile nose is :
N YA symmetricnl about the X-axis,
L P N th: elemont of aree may be
. ! lyt/ taken as
! /
|
| I
4 ¢

| —g- UNCLASSIFIED
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dA = 2wy ds = 21rR(cos 6 - cosy) Rd® . . . . (13)
whore the element of arc ds is R 46,

Suppose the normal pressurc on the ogive to
be ¢+ , and the coefficicnt of friction to be k., k 1s
probebly & function of u, the instantencous tangential
velocity of plete wmeteriel alony the ogivel surface, which
will vary from point to bourrelet, but these veristions
will be disrcgerded, so thet the velue of k calculated
will bec a sort of averagoe over the surfece. Tor the pre-
sent it is nssumad thetp is constent over the surface,
The force of friction on an ¢lemcut of srca dA will then be

Kpdr’x, -090009-900(115-)

directed tangentisl to the surface, and the torque due to
the friction on dis will be

dM=kpyd4, ..ec-anncca(l5)

i ‘: y being given by cquetions (12) and d.. by equeotion (13).
The total torque on the ogive due to friction is cobtuined
by integr=ting cquation (15) over the ogives

M =) kpy di = 2wWR7kp | (cos 6 ~ cosy )* d@

~ o

[

~

or
M =TTR3kp{¢/(1+-2 cos?\ )-3 siny cosy . « (16)

In rovolving through nn rngle d¢ the work dons by the
frictionrl torcue will be M d4 , so that the change in
rotational kinetic cnergy is

dT¢ = - M dé * o ® e o 9 e 9 (17)
with M given by cquation (16).

The forece of friction on na elemont of srea
4 being kp 4., and trngentisl to the surfece, the com-
ponent of this frictionel {orce parallel to the projectile
axis is kp 4. cos @ . the total riesistance due to friction
on the ogive is thus

L ‘ F

H

!*kpygt Rz(cos @ - cos: )d6 *cos 6
4

wor-
I

AN
2T¥R2kpj (00320 - cos B cos*-) a0
or ,

| - 10 - UNCLASSIFIED
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T =TR2%p (W - sinvecos¥), .+ . . (18)

and is of course opposite to the direction of motion.
For a uniform pressure the resisting force due to the
normal pressure, resolved elong the projectile axis, is

P o TTI‘OZP, L] L] s . . . . ° v '(19)

also opposite to tha dircetion of motion. Tha total
loss in asnergy of translation due to the resisting
forces when the projectile moves n distrnce dx is

de - - (P + F) dX, e & e ¢ o @ @ (20)
or

ATy = —‘arrozp +1rR2kp(4f~sinnycosgf)} dx.
Factoring, onc obtnins

2 2, . -
aTy = = 7T “p 1+ k(R/r ) (¢- sinvcosy )i ax, «(21)
The ratio of ATy to dTy is given by cquition (11), on the
assumption thet’v/V is constont, and &d/dx = w/25r,

for 1:25 rifling. Thus crustion (17) is to be divided

by cauertion (21):

dT¢ RBKp[H’(1+2 coszq )~ 3.Sin4‘0084{]d¢

S =

aTx ro2p5:1 + k(R/ro)2 (+~ sinwv cos+/fhx

substitution for d4g/dx and performance of indicated can-
cellations yields

T4 +R3 kf}?(l + 2 cosz~¥) - 3 siny cosy |

{i + k(R/rO)2 (« - siny cos ) |

< s o

¢ e ¢ s (22)

Numsrical results m~y now be introduced, For a pro-
jeetile of the 3" M~79 nosc shrpe, R/r_ = 10/3. The
velue of AT4/dTy, mny be trken rs 0.0l." /sw = arc cos
(1 - ro/R),¥= arc cos (0.7) = 45,5 or 0,794 rrdians,
/o sufficient npproximrition mny te obtained by teking
¢'= 7/ky 80 that siny = cosy = 0,707,

UNCLAS
o LASSIFIED




Substitution in equation (22) yields . UNMIASSHVEU
3, 7 1000 k(T /2 - 3/2) . o » o(228)

0.01 25 - 27[1 + k (100/9)(7 /4 ~ 1/2)]
or
0.01 = 0,33 k/(1 + 3.,17k)
whence K= 0,033 4 v v oo oo oo [(23)

From eguations (20) and (21) it can be seen that the
ratio of the frictionnl force to the pressure force
is k(R/r )~ (v - sinqdcos{J;, or 3.17 k. Using the
value of k from ¢ ustion {23) it appears that

F/P = 3,17k = 0,105 « . « « « o (24)

i.e., the frictionanl force is amoproximstely 10% of the
totnl force =2ting on the projectile.

This calcul~rtion wnas made using thrse special
agssumptions, namely:

(1) The momcnt of inertia of the projectile is
thet of a so0lid cylinder of the scme mass
and rodius.

(2) The pitch of the rifling is 1:25 -~ n fairly
stcep pitch for modern high velocity guns.

(3) During penetration the angular and linear
velocitics decronse at the same rate, propor-
tion=1 to their initirl voluus,

/s pointcd out beforc, assumption (1) will

leed to too high valu:s of I, for solid shot. /Assump-
tion (2) must be ndjust.d in ony cctual cnmse to account
for the nctunl pitch of the rifling. «ssumption (3) is
definitely wrong for ~ctu2l cosus, 2s it is known that
Wp/ Vo3& /Ve o It is cleer therofore that equetion (24)
plice n”reﬁsonﬁblu upper 1init on the effect of friction
for the caose of uniform pressurc, ond thet from o practi-
cal point of view the frictionnl coff:ect is negligible.
However, the mcasurements of one ~ctunl cose will be intro-
duced to show the effuct of corrections to assumptions
(1) to (3); the cesc is that of o 3" AP M-79 solid shot
fired through & 4" Class B plate at 0° Obliquity, as

follows:
UNCLASSIFIED
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Gun: 3"/50 Cal., rifling 1 turn in 32 celibers
Striking Velocity, 1959 ft./scc,
Residual Velseity, 509 ft./scc.

Band and body scratches showed that after :merging from
the back of the plete the projectile was turning ot a
~rate of 2.50 radians per foot of n~dvance, or one turn
in 10 ealibers. Thus, during penctretion df /dx varies
bstween /32 end 7/10; leaving the valus at /25 will
correct somewhet for thu chenge in "pitch" in passing
through the plate, yet favor o large value of k¥ -- i.e.,
the velue of k will be an upper limit.

The mean value of dT4 / dT, may te crlculeted
from the aveileble data os follows

Let Té s and Ty, p be respsctivsly the striking
and residuel kinctie uncrgivs of rotetion and Ty g ¢nd

Tx,R the corrcsponding kinstic snereics of trﬂnslqtlon.
Thbn

Tg s - Tgr= (I /A = § ) oo o (25)

Ty,s = TR = (m/2)(VE% = vp%) L. (26)
Using I, = mry</2, (% = ( T/32ry )Vg, ~nd
(0] (6] e

“R = (7 /10ry)Vy , ono finds that
Ty, 5 - T¢, R - ~ ;(Vs/32) - (VR/10)2{. . . (27)
- N TV 2 = 2
Tx,S Tx,R “ - VS VR Nf
and this is the moon volus of dTy /dT, during penetretion.
Using VS = 1959 VR = 509 in cgunticn (27) it 1is thus

found thot
dTy/dTy = 0,00160 T §2:9

When this volue 1s uscd in the left member of cguotion
(220), it is found th-t

K = 0,009 v v o v « o o o oo (29)

and

F/p = 0001560 . . ¢« & . . . (30)

- 13 -
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A1l calculetions mrde so far heve been based upon
the assumption of e constant pressure over the ogive,
wherasas there is good resson to suppose that the
pressure 1is greastest at the point of the projectile anad
decrenses towsrds the bhourrclet, the exact mode of var-~
iation being however unknown, The general effeet of a
non-uniform pressure can be exhibited conveniently by
choosing »~ mode of variction which will give a maximum
pressur: on the projectile axis (i.ec., the point) and =
zero pressare at the greatest dimmeter (i.e., the bourrelet),
A suitecble precsure distribution is

P=0po (sin 8/ siny), .« .« .+ « ¢+ o (31)
< distribution which hos the additionnl advantage of

simplifying the nccessary integrols. The pressurc force
resolved parollel to the projectile axis is

4
P=1!Pd; sin @
v
¥
= | P, (sin 8/ siny )+27 R2(cos 6 - cosYt )d8 +sin @
g y
= (ZTTRZPO/sinyH)(sin3®/3 ~ (cos¢¥}(®6 - sin © cosOV%
"o
or
2 : T .3 i ‘ R Y X
P = (2rR po/s1n%z)% (sin *)/3 -cusq(v—51nq1003¥)/%J

- .. (32)

The friction force, calcul~ted »s in cqu-tion (18) , is

F='pk 4. cos 6

"

N
(217R2P0k/sind/)i sin 6(cos © - cosw)cos & 40

- , ¥
(2.7 R2Pok/siny- ) Lcosjqcosz §/2 - (cos 9/31 ,

. -0
(2n Rzpok/sing )ﬂcoslf/é -~ cos ¥ /2 + 1/3}.

. L3 . L] - )

"

or F

The toroue due to friction is

M

[}

¥

‘pk d.. ¥

o

(Pok sin 6/siny) 21R%(cos® - cosy)de R{cos ©-cosy)

#

“

fl

¥
(2“‘R3kpo/sinq~)f (cos 0 =- CQs\y)2 sin 6 46

T UNCLASSIFITD
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whence UNCLASS”WED
M = (2ﬁ‘R3kpo/3 sinw )(1 - cosqz)3 N T

From tnis point thoe calculr-tion proceeds as in the pre-
vious unirorm-nressurc case, using the bosic ecuation

dTg M ag e e oo e (35)
ATy (P + F) dx

By comparison of couations_(32), (33), end (34) it is
scen that the factor (2w Rép./sinty)ernculs from numcrator
and denomin~tor of equation ?35). Substitution from
countions (32), (33), ond (34) in (35) therefore yields

aTy k(1 - cos+ )3
= L oR . e v o 0(36)

ar_ 25, 3 alw) + kB ()
where

aly) = (siny )3/3 ~cos (¥ =sinwcos ) /2
and

B(¥y)=1/3 - cosy(l - cos2%~/3) /2
.8 bufore, loty =T/L radirng, sine= cosy = 0,707,

and R/rgy = 10/3., In the :ctuzl cusc previously uscd as
en oxcmple, dté/de nny bos token s 0.00160, giving

0.00160 = T~ 10 0.0251 k y o o o (37)
75 30,0169 + 0,0387 k
whanee
k = 0.,00785, e« o o « o« (38)
end
F/P = 3,87 k/1.69 = 0,018, O & °)

Thus, the frictional force is raother less than
2% of tha totanl force ~cting.

- 15 - UNCLASSIFIED
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UNCLASSIFIED

On the assumption of uniform pressure over
the ogive it wag found that F/P = 0156 (equation (30);
assuming the pressure a maximum at the point of the pro-
jeetils nnd zero at the bourrslet, it appears that F/P =
0.018, It is cleer that the more the pressure is con-
centrated towoards the point of the projectila, the greater
will be ‘the cnlculsted effect of friction for a particular
observed dTé/de' The particulsr case chosen as an cxampls
may be rugerded as typicnl of the usual valuss of dTﬁ/de,
It scems safe to assume, therefore, that friction contri-
butes rather less thon 2% to the total resisting force on
the projectile, the figurs of 2% being regarded as en
uprer bound, the probsble value being lower. In the pre-
sent state of our knowledge of penctrstion mechenisms .
sufficient cccur~cy is obtained in calculetion if the 3
effect ol friction is disregorded, o

ey

v, HARDNG3S DISTRIBUTION JRCUND IMPCTS,

In reference (2) it wns rsmoarked that hard- |
ness surveys ond etchings of scctions of impucts give
considerable sunport to the asplicability of Buthe's
thin-plate theory to plates up to an ¢/d velue of 1.36,
insofer as the offect of vetnlling is ignored, Figures
5 to 1C siow hardness patt.rns for a scricvs of incomplate
rnd complcete penetrstions in 4" Class B plates. Figures
11 to 16 show the lincs of equel hardness (isoscleric
lines) ~cross these szcti-ns, which presumably determine
isoscleric surfac:s in the pl-tc symmetrical cout the
projectile sxis, Figurus 15 to 20 show ctchings of the
sections, Figure 21 is » grep»h showing the hardness grad-
icnt reross o typicrl scction through a complete pene=- }
trntion,

/. studv of these figures rcveals certain ime-
portont facts, n-mely:

(1) Plate mrterinl is st ucezed out laterally and
out of the frce of the plute, a2s envisaged
by Bethe's thoory. « "neutral plecne™ is
apparent somewhat nenrer the fuee of the
plate thon the bock.

(2) In the etched views, it is appiient thot while
Bathe's mecarnisms 1s nappliceble to the body s
of the pl-te, thers is o narrow zone edjacent
to the hole where the plite muterial is drag-

ged forwwrd by the projectils, Tha width of *
this zone¢ incrces.s through the plote, merging i
into thse petelling zonc ut the back. -

- 16 - UNCLASSIFIED 7/ |




(3)

(6)

UNCLASSIFIED

In the incomplete penetrntions, the isoscleric
surfaces parelilel the surf.ce of the hole,
justifying the view thot adjacent to the pro-
jectile, ths principle displiccement is norw-
mel to the surface of the nrojectile nose.

The dismeter of thce work-hmrdened region is
approximetely three calibers,

In the complete penetrations, the general
parallelism of the isosclerie lines to the
projectile axis is in accord with Bethe's
theOI‘y. :

In the incomplete penetrations, note the
smell amount of work hardening directly
ahend of the projectile nosec,
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UNCLASSIFIED
REFERTINCES

Frankfoerd Arscnal Report of 23 Mry, 1941t
" Lttompt of a Theory of /raor Penetration®,
by H, A, Bathe,

Nuval Proving Ground Renort 1-43: Penetra-
tion Meechenisms I, The penetr-tion of Homo-
g:neous iLrmor by Uncavped Projcetiles at 0°
Obliquity.

Watertewn /rscnrl Report 710/492, Muchinism
of armer P.netrotion - Sceond Prrtinl Report,
by C. Zener -»nd L, &, Petorsone
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